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Abstract 
As the thickness of crystalline silicon wafers for use in solar cells is reduced, transmission-related losses become 
increasingly important. Very thin silicon solar cells will benefit from surface structures exhibiting efficient light 
trapping, such as 2D periodic structures with diffractive properties. Furthermore, multicrystalline silicon solar cells 
will benefit from a front surface texture which exhibits lower reflectance than the standard iso-etch. In this paper, we 
investigate three new methods for creating such structures based on the formation of a 2D periodic template from a 
colloidal suspension of microspheres and subsequent laser processing and etching.  
Polystyrene spheres with 1 μm diameter are spin-coated onto a silicon wafer, and forms a hexagonal pattern through 
self-ordering. The wafer is irradiated with an ultrashort-pulse laser with sufficient power to form pits in the wafer 
surface below the individual polystyrene spheres, thus transferring the hexagonal pattern to the silicon wafer. The 
maximum obtained diameter and depth of the pits are 600 nm and 100 nm respectively. 
To increase the depth of the pits we deposit the self-ordering microspheres on a silicon nitride etch barrier, followed 
by laser irradiation for local opening of the barrier and an isotropic etch through these holes. With this approach we 
are able to create structures with a base diameter of 800 nm and a depth of 350 nm. These structures are found in 
simulations to have good light-trapping properties and the method may therefore be suitable for the fabrication of 2D 
photonic crystals for light-trapping in silicon solar cells. 
 
© 2012 Published by Elsevier Ltd. Selection and peer-review under responsibility of the scientific 
committee of the SiliconPV 2012 conference 
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1. Introduction 
Light management in very thin silicon solar cells (<50 μm) is an important topic for several reasons. 
Firstly, these cells will be so thin that efficient absorption of long wavelength light will be difficult, due to 
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the long absorption length at these wavelengths. To further complicate matters, the traditional approach of 
wet chemical etching may be unsuitable due to the relatively large structures created by these methods, 
and the large amount of wafer material removed in the texturing process. Furthermore, some methods for 
creating thin silicon wafers will produce <111> oriented wafers [1], which are not suitable for anisotropic 
KOH texturing at all.  
Diffractive structures for light trapping in thin silicon solar cells has received a lot of attention, due to 
their potential to increase the light absorption in thin solar cells. Various structures have been shown 
theoretically in simulations to provide good light trapping, but the production of cost effective large scale 
diffractive structures remains a challenge for commercial realization. Fabrication methods that have been 
suggested include nano-imprint lithography or hot embossing [2] and interference lithography [3]. Also, 
methods using self-ordered spheres have been reported [4]. Gjessing et al. [5,6] has theoretically 
investigated the light trapping potential of cylinders, cones, inverted pyramids and dimples in a square 
pattern, all of which show good light trapping potential with lattice periods in the range of 0.7 – 1 μm and 
a fill factor from 0.6 to max fill factor (pi/4 for non-overlapping circular structures). The optimum depth 
of the features is reported to be in the range of 200 - 500 nm. Structures in a triangular / hexagonal pattern 
were also reported to achieve similar performance as the square patterns. 
In this work, we seek to produce a diffractive dimple structure similar to that reported in [5], based on a 
honeycomb / hexagonal pattern of pits. Our production method is based on the deposition of self-ordering 
colloidal spheres on a silicon wafer. These spheres will, under correct deposition-parameters, 
preferentially grow hexagonal / honeycomb 2D-crystals, and they will act as microlenses when irradiated 
by a laser [7].  Previous work has shown the potential for creating surface structures using such 
microlenses [8].   
We propose three different processes for creating the desired structures, summarized in Table 1. In the 
simplest form of the process, the spheres are deposited directly on the silicon wafer, followed by laser 
irradiation. Here, the laser irradiation itself should remove a substantial material volume, and create 
structures suitable for light trapping. This would be the process requiring the least number of processing 
steps. Another possibility is to deposit the spheres on an etch barrier, e.g. a silicon nitride (SiNx) layer, let 
the laser create small openings in the SiNx, and perform an isotropic etch through these openings. In this 
process, the etching, rather than the laser irradiation ensures material removal and the creation of the 
pattern. The third process which we investigate is a process where we cover a Si wafer with spheres and 
subsequently deposit PECVD SiNx on top of this structure. Thereafter, the spheres are removed by 
sonication. This process will leave openings in the SiNx etch barrier where the spheres have been in direct 
contact with the silicon wafer.  
 
Table 1: Summary of the process steps involved in the three processes for creating 2D periodic structures 
Process 1 Process 2 Process 3 
Microsphere deposition SiNx deposition Microsphere deposition 
Laser irradiation Microsphere deposition SiNx deposition 
 Laser irradiation Microsphere removal 
 Etching Etching 
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2. Experimental 
The method for depositing self-organizing colloidal spheres follows the work in [9]. A 30 % (vol) 
solution of 1 μm polystyrene (PS) or 800 nm silica beads was applied to a hydrophilic polished silicon 
wafer surface, or a silicon wafer covered in a 150 nm thick PECVD-deposited SiNx-layer. Self-assembly 
was achieved by spin-coating the sample at 4000 – 7000 RPM. The result was a mono-layer of poly-
crystalline hexagonally ordered beads covering most of the wafer.  
Irradiation of the samples was performed using an ultrashort-pulse laser with 3 ps pulse duration and a 
wavelength of 515 nm. The beam had a Gaussian spatial distribution. Single (non-overlapping) pulses 
were employed. For experiments with the SiNx etch barrier, isotropic etching through the openings in the 
barrier was performed using a hydrofluoric acid, nitric acid, acetic acid (HNA) solution. The HF 
concentration was varied from 1HF:40HNO3:15CH3COOH (HNA 1:40:15) to 
5HF:40HNO3:15CH3COOH (HNA 5:40:15), whereby the etch rate in this range at 21 °C increased with 
HF content from around 300 nm/min to around 2500 nm/min.  
For characterization of the processing results, Scanning Electron Microscopy (SEM) and Atomic Force 
Microscopy (AFM) were used. 
 
3. Results 
3.1. Process 1: Microspheres on silicon wafer 
In this process the microspheres were deposited directly on silicon wafers and irradiated by laser. In 
the irradiation process, the microspheres are blown off the wafer along with the silicon ablated from the 
wafer. Any remaining microspheres were rinsed off in DI water before further characterization. SEM 
images revealed a hexagonal pattern of pits, corresponding to the pattern of the microspheres. The size of 
the pits varied with the distance from the center of the Gaussian beam as illustrated in Fig. 1a. In the 
center of the spot, it is clearly seen that the substrate has melted completely, destroying the hexagonal 
pattern, while far from the center of the spot, the pits created are rather small. In fact, at the edges of the 
Gaussian distribution, we routinely obtain structures with sizes below 250 nm, which is far smaller than 
the wavelength of the applied light, and a nice proof of the resolution obtainable using microspheres for 
the focusing of the light.  
 
Fig. 1b shows a close-up of an area with a laser intensity giving relatively large pits. Here, the pits 
have a diameter of around 600 nm, giving a lower fill factor than the optimum calculated in [7], but in the 
range where an increase in light trapping efficiency is simulated. Higher intensities lead to melting of the 
substrate, instead of creating ordered structures with larger pits. In the right image we observe a rim of 
debris around the pits. This rim has also been observed in Ref. [8], where an HF dip was suggested to 
remove the rim. We performed a 5 min, 20 % HF dip, which removed the rim, but which also degraded 
some of the smoothness of the processing result. The depth of the pits was investigated in an AFM, before 
removal of the rim. We found the depth of the pits to be around 100 nm. This is a considerable depth, but 
shallower than the depth suggested in [5]. 
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Fig. 1. Wafer surface after laser irradiation through microspheres.(a) The Gaussian intensity distribution, leading to melting near the 
center of the beam. (b) A close-up of the pits created  
3.2. Process 2: Local opening of etch barrier by laser irradiation 
Our second approach (see Table 1) is based on depositing the PS-spheres on top of a SiNx etch barrier, 
using the laser to create local openings in the SiNx. Microspheres were deposited on a 150 nm thick SiNx 
etch barrier on a silicon wafer, and this structure was irradiated by laser, forming openings in the etch 
barrier and pits into the silicon. Remaining spheres were removed with sonication. Thereafter, a 15 - 30 
second etch in the 1:40:15 HNA solution was performed. It was observed that, while this etch enhanced 
the depth of the pits in the silicon, considerable under-etching of the etch barrier was also observed, 
thereby limiting the available etch time before etch barrier collapse. Therefore, rather limited pit depths 
were obtained using this solution. A possible reason for the under-etch, could be an interface oxide layer 
between the silicon and the SiNx. To overcome the problem of under-etching, we increased the HF-
concentration gradually to HNA 5:40:15. If the under-etch rate is limited by transport in the layer between 
the silicon and the SiNx, a more rapid etch would allow for deeper pits while limiting the under-etch. This 
is indeed what was observed, shown in Fig. 2. Shorter etches in a more HF-rich HNA solution provided 
deeper pits without etch barrier collapse. 
 
    
Fig. 2. Wafer surface after laser irradiation through etch barrier and subsequent etching, using (a) 1:40:15 HNA (b) 3:40:15 HNA  
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Structures similar to those shown in Fig. 2, but etched with a 5:40:15 HNA solution were also 
investigated using AFM for depth profiling. The results are shown in Fig 3. A depth of around 350 nm 
and a base diameter of around 800 nm were observed, giving nearly hemispherical pits. 
 
 
Fig. 3. Depth profile of wafer surface after laser irradiation through etch barrier and subsequent etching, using 5:40:15 HNA.  The 
depth of the structures is around 350 nm and the base diameter around 800 nm 
3.3. Process 3 : SiNx deposition on microspheres 
The third processing possibility investigated, was to deposit silica mircospheres on the silicon wafer, 
followed by PECVD-deposition of SiNx on top of this structure. After this deposition, the silica spheres 
were removed by sonication. In [9], this method was shown to give a shallow SiNx coverage over the 
majority of the wafer, while small openings remained where the spheres had been in contact with the 
wafer. In [9], a KOH etch was performed through these openings, showing that the SiNx acted as an etch 
barrier, and that the attack points were on the order of 100 nm. We reproduced this result using a KOH 
etch, however, we did not succeed in creating hemispherical structures using the HNA etch. We observed 
a rapid collapse of the etch barrier, and the structures created were very shallow. In [9] the thickness of 
the SiNx layer was suggested to be below 5 nm, a thickness which would rather rapidly be dissolved in 
our HF-containing HNA-solution. 
4. Discussion 
We have investigated three different processes to create hemispherical dimples in silicon wafers. These 
processes are summarized in Table 1. Process 3 proved to have an insufficient etch barrier for the HNA 
etch, failing to give depth to the structures. Process 1 gave dimples in the silicon, but the dimples were 
too shallow for our simulated target depth. Process 2 gave close to hemispherical shapes with a depth of 
around 350 nm. These shapes are of a size which is simulated to give good light trapping properties. 
For large-area processing, Fig. 1a shows the industrial potential of this method. A high energy laser 
pulse would have the possibility to create thousands or even millions of pits using a single laser pulse. 
However, a top-hat laser beam profile would be required, in order to avoid the inhomogeneous processing 
resulting from the gaussian beam. A square, top-hat laser beam could be scanned over the surface of the 
wafer, rapidly being able to cover the whole wafer surface. A laser with a spot size of 400x400 μm and a 
repetition rate of 100 kHz would be able to cover a 5 inch wafer in one second. In [10], a method is 
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presented where the microspheres, instead of being deposited on the wafer, is deposited on a transparent 
carrier placed above the wafer. This method could allow for re-use of the 2D template, potentially 
simplifying the process. 
5. Conclusion 
We have created hexagonally ordered pits in a silicon wafer with 1 μm lattice period based on self-
ordered PS-spheres. When depositing the spheres directly on a silicon wafer followed by irradiation by 
laser, pits with a diameter and depth of 600 nm and 100 nm respectively were created.  
When depositing the spheres on a SiNx etch barrier, followed by laser irradiation and a subsequent 
isotropic etch, close to hemispherical dimples were created in the silicon, with a depth of around 350 nm 
and a base diameter of 800 nm. These dimensions are in a range where light trapping properties are 
expected. As we employ an isotropic etch, this process will be suitable for <100> and <111> mono-
crystalline silicon as well as for multi-crystalline silicon. 
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